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INTRODUCTION 

The current world petroleum crisis has caused renewed interest in alternative 
and renewable sources of fuel and feedstock chemicals. One such alternative receiv- 
ing attention involves the separation of wood into its components, cellulose, hemi- 
cellulose and lignin, followed by conversion to feedstock chemicals. Treatment of 
wood with an aqueous organic solvent has been found to be effective in removing 
lignin and hemicellulose from the cellulose fibers. 

Early work by Aronovsky and Gortner (1) studied the use of aqueous solutions of 
organic alcohols to remove lignin and produce wood pulp. 
aqueous n-butanol was the most effective solvent for producing a well pulped residue 
and for the removal of lignin. 

They determined that 

Kleinert (2,3) found that organosolve bulk delignification occurred in two 
distinct psuedo-first order stages. Delignification was found to be considerably 
faster during the first part of the batch cook. 

More recently, Katzen et al. (4) showed that a continuous alcohol pulping pro- 
cess using aqueous ethanol is economically feasible if the by-products (lignin and 
hemicellulose hydrolysis products) can be upgraded and sold. A pay out time of 3.2 
years with a 22% return on investment was calculated. 

This paper reviews the recent work with aqueous organic solvents conducted at 
The University of Alabama. Emphasis on the rate of lignin removal and the extent of 
pulp recovery is included. The use of the data to make preliminary process calcula- 
tions regarding technical and economic feasibility is also addressed with compari- 
sons to recent work reported in the literature. 

BATCH DELIGNIFICATION STUDIES 

A majority of the work reported in the literature was accomplished using batch 
equipment. 
this mode of investigation. 
shown in Table 1. 

Initial screening studies at The University of Alabama likewise followed 
A summary of the various conditions investigated is 

Table 1 - Summary of Experimental Conditions 
Wood Type - Southern Yellow Pine, Sweet Gum 
Wood Size - Meal (-10 +70) 
Solvent Type - Ethanol, Butanol, Phenol 
Solvent /Water - 50/50 by Volume 
Solvent/Wood - 15 ml Solvent/l g Wood 
Temperature 175-205OC 
Pressure - 1140-2180kPa 
Catalysts - Alum, A1C13, Anthraquinone 

- 
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A summary of t h e  r e s u l t s  of the  b a t c h  experiments  is shown i n  Table 2 .  

Table 2 - Summary of  Batch Resul t s  

Southern Yellow Pine  

Condit ions - T i m e  % Residual  Pulp % Lignin Removed 

Solvent :  nBuOH 0.0 85.3  15 .O 
Temp: 175°C 0.5 7 4 . 1  36.0 
Pressure :  1140 kPa 1.0 71.8  36.0 

4 . 0  67.5 22.0 

Solvent  : nBuOH 0.0 65.3  27.2 
Temp: 205OC 2.0 60 .7  36 .0  
Pressure :  2170 kPa 4 . 0  56.0 35.0 

Solvent :  Phenol 0.0 58.0 35.9 
Temp: 205'C 0.5 43.0 83 .1  
Pressure :  1490 kPa 1.0 41.1  84 .7  

1 . 5  39.5 87 .O 
2.0 38.0 89.3 
4 .0  36.2 89.7 

Condit ions ~ Time % Residual  Pulp % Lignin Removed 

Solvent :  nBuOH 0.00 90.8 17.2 

Pressure :  1140 kPa 
Temp: 175OC 0.67 6 9 . 1  45.3 

Solvent :  nBuOH 0.0 69.2 
Temp: 205OC 0.5 56.5 
Pressure :  2170 kPa 1.0 50.4 

1 .5  47.8 
2.0 45.7 

42.2 
60 .9  
78.6 
83.6 
88 .8  

4.0 4 3 . 1  85.7 

These d a t a  a r e  g r a p h i c a l l y  i l l u s t r a t e d  i n  F igures  1 & 2 i n  which t h e  f r a c t i o n a l  

A r a p i d  decrease  i n  t h e  r e s i d u a l  pulp dur ing  t h e  e a r l y  s t a g e s  
r e s i d u a l  pu lp  v e r s u s  time-at-temperature i s  p l o t t e d  on r e c t a n g u l a r  and semi-log 
paper ,  r e s p e c t i v e l y .  
of t h e  cook i s  observed. 

Figure 2 shows t h e  c h a r a c t e r i s t i c ,  two s t a g e  process  t h a t  has  been descr ibed  by 
Kle iner t  and o t h e r s  ( 5 , 6 )  by a two s t e p ,  f i r s t  o r d e r  express ion .  For the  systems 
i n v e s t i g a t e d  i n  t h i s  s tudy  t h e  r a t e  cons tan ts  f o r  each s t e p  were c a l c u l a t e d  t o  be 
between 5 . 0  x 
4.0 x 

and 2.0 x rnin-l f o r  t h e  rap id  i n i t i a l  s t e p  and between 
and 4.0 x 10-3 min-1 f o r  t h e  subsequent  slower r a t e .  

Figures  3 and 4 show t h e  l i g n i n  removed v e r s u s  time and t h e  l o g  of l i g n i n  
removed v e r s u s  t i m e .  
ba tch  s t u d i e s  ( see  F igure  3 )  and then decreases .  This  decrease  i n  t h e  amount of 
l i g n i n  removed is due t o  repolymer iza t ion  and p r e c i p i t a t i o n  of removed l i g n i n ,  

The percent  l i g n i n  removed reaches a maximum l e v e l  i n  the  

320 



and/or  t o  t h e  decrease  i n  s o l u b i l i t y  of l i g n i n  i n  t h e  s o l v e n t  as it cools  t o  room 
temperature .  Figure 4 shows t h a t  t h e  removal of l i g n i n  occurs  i n  s e v e r a l  f i r s t  
o rder  s t a g e s  p a r a l l e l i n g  the  r e s u l t s  noted f o r  r e s i d u a l  pulp (Figure 2) .  
i n g  rate cons tan ts  f o r  l i g n i n  a r e  i n  good agreement wi th  those  va lues  repor ted  f o r  
r e s i d u a l  pulp (2 x 10-2 t o  6.0 x min-1 and 3.0 x 10-4 t o  1 x 10-3) i n d i c a t i n g  
a common mechanism dur ing  i n i t i a l  s t a g e s  of hydro lys is .  Kle iner t  (2  3) repor ted  
va lues  f o r  the  r a t e  cons tan ts  between 1.5 x 
correspnding t o  t h e  i n i t i a l  f i r s t  o rder  removal presented  here .  

Correspond- 

and 3.0 x min-i f o r  t i m e s  

SEMI-BATCH DELIGNIFICATION STUDIES 

In  order  t o  e l i m i n a t e  problems of  s o l u b i l i t y  and repolymerization/redeposition 
of  l i g n i n ,  and, t o  s imula te  more c l o s e l y  commercial d e l i g n i f i c a t i o n  process ing ,  a 
series of d a t a  have been c o l l e c t e d  using a semi-batch appara tus .  I n  t h i s  scheme, 
t h e  so lvent  phase is cont inuously passed over a f ixed  bed of  wood ch ips .  
r e s u l t s  ob ta ined  from these  runs  a r e  summarized i n  Table 3. 

The 

Table 3 - Semi-Batch Resul t s  

% Residual  % Lignin  
---- Solvent  Wood Temp,"C T i m e  h r s  Flow cclmin Pulp Removed Cata lys t*  

EtOH 
EtOH 
EtOH 
EtOH 
E t O H  
EtOH 
E t O H  
BuOH 
BuOH 
BuOH 
BuOH 
BuOH 
BuOH 
BuOH 

SYP 
SG 
SG 
SG 

SY P 
SYP 
SYP 

SG 
SG 
SG 
SG 
SG 

SYP 
SYP 

175 2.50 
175 0.67 
175 0.67 
175 0.67 
205 1.33 
205 2.50 
205 4.00 
175 0.67 
175 0.67 
175 0.67 
175 0.67 
200 0.67 
205 4.00 
205 4.00 

7.20 
7.20 
7.20 
7.20 
3.20 
7.20 
7.20 
7.20 
7.20 
7.20 
7.20 
7.20 
5.43 
6.30 

91.1 
74.0 
73.2 
30.6 
52 .1  
65.4 
47.0 
95.5 
96.8 
43.2 
74.6 
67.8 
65 .O 
69.3 

3.7 
47.3 

97.9 
59.4 
38.9 
62.2 
20.0 
15.3 
87.2 
37.9 
45.2 
43.7 
43.6 

48.9 Anthraquinone 
A l C 1 3  

- 

- 
Alum 
AlC13 

Anthraquinone 
- 

*Catalyst  concent ra t ion  i s  0.005 % w t  

These va lues  show t h a t  f o r  d e l i g n i f i c a t i o n  t o  proceed a t  an apprec iab le  rate 
wi th  Southern Yellow P i n e ,  t h e  temperature must be above 175OC. It i s  a l s o  seen  
t h a t  more l i g n i n  i s  removed using aqueous e t h a n o l  a s  a s o l v e n t  (over  n-BuOH) b u t  t h e  
amount of r e s i d u a l  pulp decreases  due t o  increased  hydro lys is  of  t h e  carbohydrates .  

The r e s u l t s  show t h a t  anthraquinone has  no c a t a l y t i c  a f f e c t  i n  aqueous e t h a n o l  
a t  175OC. 
The high l o s s  of carbohydrates  makes A l C 1 3  an undes i rab le  c a t a l y s t  f o r  the  product ion 
of wood pulp.  

The use of  A l C 1 3  as a c a t a l y s t  causes  a s e v e r e  l o s s  of  t h e  carbohydrates .  

I n  aqueous nBuOH solvent  a t  175°C Alum has  no c a t a l y t i c  e f f e c t .  The use of  
anthraquinone c a t a l y s t  cause t h e  percent  l i g n i n  removal t o  i n c r e a s e  from 20.0% t o  
37.9% with a corresponding decrease  i n  r e s i d u a l  pu lp  from 95.5% t o  74.6%. The use 
of AlCl3 aga in  l e a d s  t o  high l i g n i n  removals wi th  r a p i d  hydro lys is  of the  carbo- 
hydrates .  
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Recovery d a t a  from a four  hour semi-batch e x t r a c t i o n  of Southern Yellow Pine 
wi th  aqueous e t h a n o l  a t  205*C are shown i n  Figure 5. 
sampling t h e  e f f l u e n t  a t  100 m l  i n t e r v a l s .  
us ing  a r o t a r y  evapora tor  followed by a n a l y s i s  of the  r e s i d u e  f o r  l i g n i n  conten t .  
The corresponding r a t e  of  removal of t h e  l i g n i n  w a s  descr ibed by a f i r s t  o rder  model 
producing a r a t e  c o n s t a n t  o f  1 .5  x 10-2 min-1; w e l l  w i t h i n  t h e  r a t e  of  va lues  ca l -  
c u l a t e d  f o r  ba tch  t rea tment .  

This  d a t a  was c o l l e c t e d  by 
These samples were s t r i p p e d  of  so lvent  

Using t h e  above informat ion  and d a t a  on t h e  phys ica l  p r o p e r t i e s  o f  t h e  s o l v e n t s ,  
a pre l iminary  engineer ing  a n a l y s i s  can be made e v a l u a t i n g  commercial a p p l i c a t i o n  of 
t h e  t rea tment  method. 

Commercial a p p l i c a t i o n s  v a r i o u s  process  schemes have been proposed f o r  organic  
s o l v e n t  d e l i g n i f i c a t i o n  i n c l u d i n g  t h e  more r e c e n t  one by Katzen (4)  f o r  aqueous 
e t h a n o l  e x t r a c t i o n .  Figure 6 shows a form of t h a t  process  modified f o r  n-butanol- 
water t rea tment .  This  process  i s  comprised of f o u r  s e c t i o n s :  Ext rac t ion ,  Solvent 
Separa t ion ,  Solvent  Recovery and Product  Recovery. A f i f t h ,  p re t rea tment  of t h e  
wood may a l s o  b e  inc luded  a s  a major s e c t i o n  of hemicel lulose recovery i s  con- 
s i d e r e d  a s  a n  o p t i o n .  
e x t r a c t i o n  e f f i c i e n c i e s  generated i n  t h e  experimental  i n v e s t i g a t i o n  f o r  n-butanol- 
water  t rea tment .  

I n  g e n e r a l ,  1000 kg of wood is needed t o  produce 650 kg of pulp ( 

The v a l u e s  shown tabula ted  a r e  based on t h e  recovery d a t a  and 

25% l i g n i n ) ,  
150 kg of d r y  e x t r a c t e d  l i g n i n  and 200 kg of  hemice l lu lose  hydro lys is  products .  The 
pulp could b e  f u r t h e r  processed f o r  use a s  a paper  s t o c k  o r  could be a c i d  hydrolyzed 
t o  glucose.  
n-butanol, making e i t h e r  s o l v e n t  process  t o t a l l y  independent of petroleum sources .  

There a r e  e x i s t i n g  processes  f o r  conver t ing  glucose t o  e t h a n o l  o r  

Approximately 1% of t h e  s o l v e n t  would be h e l d  up by t h e  pulp and 1% would be 
removed wi th  t h e  l i g n i n  s l u r r y .  
removed by s team s t r i p p i n g  g i v i n g  a n  o v e r a l l  a l c o h o l  loss of 25 kg of nBuOH p e r  1000 
kg of  wood processed .  It is  a l s o  es t imated  t h a t  275 kca l /kg  of wood processed/  
e x t r a c t o r  would be r e q u i r e d  assuming 20% energy lo s s .  This compares q u i t e  favorably 
with the va lue  of  268 kca l /kg  wood given.by Katzen ( 4 )  using a b a t t e r y  of nine 
e x t r a c t o r s .  

Approximately 80-90% of  t h i s  could be  e a s i l y  

1. 

2 .  

3. 

4 .  

5.  

6 .  
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Figure 5 .  Cunulative Weight of Wood Components Recovered vs. Contact Time i n  a Semi -  
Batch System using Aqueous Ethanol as the Del igni f icat ion Agent a t  205OC. 
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Extraction - S o l v e n t  S e p e r a t k -  Solvent Recovery Praduc  t Recovery 
I I I 1 
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1w 
I 
Solvent 

s e p e r a t o r  
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T: 
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.- 
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Figure 6 .  Process Schematic f o r  t h e  Aqueous n-Butanol D e l i g n i f i c a t i o n  of 
Southern Yellow Pine. 
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